Sleep is thought to be controlled by two main processes: a circadian clock that primarily regulates sleep timing and a homeostatic mechanism that detects and responds to sleep need. Whereas abundant experimental evidence suggests that sleep need increases with time spent awake, the contributions of different brain arousal systems have not been assessed independently of each other to determine whether certain neural circuits, rather than waking per se, selectively contribute to sleep homeostasis. Using the fruit fly, Drosophila melanogaster, we found that sustained thermogenetic activation of three independent neurotransmitter systems promoted nighttime wakefulness. However, only sleep deprivation resulting from activation of cholinergic neurons was sufficient to elicit subsequent homeostatic recovery sleep, as assessed by multiple behavioral criteria. In contrast, sleep deprivation resulting from activation of octopaminergic neurons suppressed homeostatic recovery sleep, indicating that wakefulness can be dissociated from accrual of sleep need. Neurons that promote sleep homeostasis were found to innervate the central brain and motor control regions of the thoracic ganglion. Blocking activity of these neurons suppressed recovery sleep but did not alter baseline sleep, further differentiating between neural control of sleep homeostasis and daily fluctuations in the sleep/wake cycle. Importantly, selective activation of wake-promoting neurons without engaging the sleep homeostat impaired subsequent short-term memory, thus providing evidence that neural circuits that regulate sleep homeostasis are important for behavioral plasticity. Together, our data suggest a neural circuit model involving distinct populations of wake-promoting neurons, some of which are involved in homeostatic control of sleep and cognition.
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In Brief
Seidner et al. demonstrate that many types of neurons can drive waking, but only a minority of these facilitate sleep homeostasis. Furthermore, activation of neural circuitry involved in sleep homeostasis facilitates learning and memory following sleep loss.
SUMMARY
Sleep is thought to be controlled by two main processes: a circadian clock that primarily regulates sleep timing and a homeostatic mechanism that detects and responds to sleep need. Whereas abundant experimental evidence suggests that sleep need increases with time spent awake, the contributions of different brain arousal systems have not been assessed independently of each other to determine whether certain neural circuits, rather than waking per se, selectively contribute to sleep homeostasis. Using the fruit fly, Drosophila melanogaster, we found that sustained thermogenetic activation of three independent neurotransmitter systems promoted nighttime wakefulness. However, only sleep deprivation resulting from activation of cholinergic neurons was sufficient to elicit subsequent homeostatic recovery sleep, as assessed by multiple behavioral criteria. In contrast, sleep deprivation resulting from activation of octopaminergic neurons suppressed homeostatic recovery sleep, indicating that wakefulness can be dissociated from accrual of sleep need. Neurons that promote sleep homeostasis were found to innervate the central brain and motor control regions of the thoracic ganglion. Blocking activity of these neurons suppressed recovery sleep but did not alter baseline sleep, further differentiating between neural control of sleep homeostasis and daily fluctuations in the sleep/wake cycle. Importantly, selective activation of wake-promoting neurons without engaging the sleep homeostat impaired subsequent short-term memory, thus providing evidence that neural circuits that regulate sleep homeostasis are important for behavioral plasticity. Together, our data suggest a neural circuit model involving distinct populations of wake-promoting neurons, some of which are involved in homeostatic control of sleep and cognition.
INTRODUCTION
Despite the established roles for sleep in cognition, metabolic regulation, and cardiovascular and immune function [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , the molecular and neuroanatomical underpinnings of sleep regulation are poorly understood. Recent progress on these fronts has largely come from identification of molecules and neurons that are permissive for activation or suppression of different arousal circuits [14, 15] . But mechanisms underlying sleep homeostasis, i.e., the dynamic process of detecting and responding to sleep need, have remained far more elusive.
A particularly intriguing question is how sleep need is detected and communicated across the brain to enable distinct sleep and wake states. For example, several studies have demonstrated that slow-wave activity, which is often used as an indicator of mammalian sleep need, manifests first in regions of the brain that are most intensely activated during prior waking tasks [16] [17] [18] [19] [20] [21] [22] . These studies suggest that sleep need exists at a cellular level in many brain regions and is driven by local activity. However, EEG and intracortical recordings demonstrate that electrophysiological correlates of slow-wave activity occur simultaneously in neurons throughout the brain [23] [24] [25] . Thus, sleep may require coordinated regulation by circuits that detect and communicate sleep need to the rest of the brain. In other words, sleep as a behavioral state could emerge from the summed activities of various populations of locally synchronized neurons or it could be driven by dedicated homeostatic circuitry that exerts global control of brain arousal.
The latter hypothesis would certainly be strengthened by identification of distinct populations of neurons that drive waking but that have different effects on homeostatic recovery sleep, perhaps through differential coupling to downstream neurons that sense sleep need. Although it has generally been assumed that prior waking by any means drives subsequent sleep need [26] , this hypothesis has never been formally tested by comparing the effects of activating different arousal systems on sleep homeostasis. Until recently, technical challenges have limited the ability to conduct such experiments. However, with the advent of optogenetics and thermogenetics [27] and with the exquisite control available for dissection of functional neural circuits in genetically tractable model organisms such as flies and worms, the hurdles to performing such experiments have been lowered substantially.
We directly tested the contributions of distinct arousalregulating neurons to sleep homeostasis by expressing transgenic temperature-sensitive TrpA1 channels in flies. Using a mild heat pulse, we activated these channels at night to depolarize neurons and deprive animals of sleep, and we measured subsequent recovery sleep the following morning. Our results indicate that different populations of known wake-promoting neurons have varied effects, ranging from suppression to facilitation of sleep homeostasis. Wake-promoting neurons that drive sleep homeostasis appear to be rare, and at least some of these project to the brain and to the vicinity of motor control areas of the thoracic ganglion. We also show that neural circuits involved in sleep homeostasis promote restoration of short-term memory following sleep deprivation. Taken together, these findings indicate that sleep homeostasis and baseline sleep can be regulated by distinct neural circuits that differentially impact cognition.
RESULTS

Homeostatic Recovery Sleep Can Be Uncoupled from prior Waking Time
The standard assay for assessing sleep homeostasis in flies involves mechanically perturbing animals to prevent them from sleeping at night and then measuring subsequent recovery sleep, or rebound, the following morning [28, 29] . To better understand this process, we examined several metrics for recovery sleep following mechanical stimulation. We found that recovery sleep has several key features commonly observed in vertebrates [30] . First, it exceeds the amount of sleep that unperturbed controls would normally obtain (Figures S1A-S1C). Second, it is transitory, typically subsiding within the first 6-12 hr after sleep deprivation ends ( Figure S1A ). Third, it is associated with increased intensity, or depth of sleep, which we measured as an increase in arousal threshold. We assessed this feature by creating an apparatus that oscillates flies along a one-dimensional axis at variable programmable frequencies. We confirmed that arousal threshold is elevated during recovery sleep following mechanical sleep deprivation ( Figures S1D and S2A ). At the highest frequency at which animals were oscillated, sleep during this period was fully and acutely reversible, illustrating a fourth key feature of recovery sleep that distinguishes it from seizure, coma, or locomotor deficiency. Finally, recovery sleep is associated with decreased sleep latency (Figures S1A and S1E).
Although this technique is regularly used to study sleep homeostasis, recovery sleep resulting from mechanical deprivation is highly variable, thus complicating comparisons of different groups of animals. We reasoned that direct activation of wakepromoting neurons might overcome this problem by bypassing sensory transduction processes that convert environmental signals into arousal cues. Such a technical improvement might also allow us to assess the roles of different arousal systems in sleep homeostasis. To test this hypothesis, we first expressed transgenic TrpA1 channels in cholinergic neurons, which we previously implicated in waking [31] . Indeed, a 6-hr heat pulse of animals expressing TrpA1 in cholinergic neurons (cha>TrpA1) led to a nearly complete suppression of sleep above and beyond that of heat-induced waking observed in control animals and a robust increase in recovery sleep the next day ( Figures 1A, 1B , 1E, and 1F). Longer heat pulses or pulses to higher temperatures in cholinergic neurons led to paralysis and were not studied further.
Notably, thermogenetically induced recovery sleep conformed to the criteria established earlier for sleep homeostasis. First, during the 6 hr immediately following sleep deprivation, recovery sleep exceeded sleep in controls lacking TrpA1, demonstrating that activation of cholinergic neurons rather than heat exposure per se was required for the effect ( Figures 1B and  1F ). Second, recovery sleep largely subsided within 12 hr after sleep deprivation ended ( Figure 1B ). Third, recovery sleep was associated with increased sleep intensity, as measured by increased arousal threshold ( Figures 1G and S2B ). Fourth, recovery sleep was acutely and fully reversible ( Figure S2B ). Fifth, it was accompanied by decreased sleep latency ( Figures 1B and  1H ). Recovery sleep was also not an artifact of phase shifting the circadian clock because cha>TrpA1 and cha>+ animals that remained in constant darkness following the heat pulse showed the same timing of sleep/wake cycling ( Figures S2E and S2F) . Thus, activation of cholinergic neurons is sufficient to sleep deprive animals and induce subsequent homeostatic recovery sleep.
We then asked whether the sleep homeostat is engaged by waking per se or by activation of specific arousal circuits normally associated with waking. The former idea suggests that any means of prolonging waking should lead to homeostatic recovery sleep, whereas the latter suggests that it may be possible to uncouple waking from sleep need. To distinguish between these two possibilities, we thermogenetically activated dopaminergic and octopaminergic wake-promoting neurons and assessed the resulting effects on recovery sleep. To activate dopaminergic neurons, we expressed TrpA1 channels under control of the tyrosine hydroxylase driver (TH>TrpA1). As expected from previous studies [32, 33] , activation of these neurons with heat pulses of 6 hr (data not shown) or 12 hr was well tolerated by animals and led to nearly complete loss of sleep ( Figures 1C and 1E) . Surprisingly, however, this effect elicited less recovery sleep than either sleep deprivation by mechanical means or by shorter activation of cha>TrpA1 (Figures S1C, 1B, 1C, and 1F). Changes in arousal threshold and sleep latency following thermogenetic sleep deprivation were also either indistinguishable or only weakly changed in sleep-deprived TH>TrpA1 animals compared to undeprived TH>+ controls (Figures 1C , 1G, 1H, and S2C).
Even more striking was the lack of sleep homeostasis following activation of TrpA1 channels in octopaminergic neurons (Tdc2>TrpA1), which are known to promote waking [34, 35] . In this case, a 12-hr heat pulse effectively kept animals awake, but no subsequent recovery sleep was observed (Figures 1D-1F ). Consistent with this observation, arousal threshold and sleep latency following activation of Tdc2>TrpA1 were unchanged ( Figures 1D, 1G , 1H, and S2D). In summary, whereas activation of neurons harboring any of the three neurotransmitter systems we tested was sufficient to deprive animals of sleep, only cholinergic neurons contributed to a recovery process that quantitatively and qualitatively fulfilled all criteria for sleep homeostasis.
Select Arousal-Promoting Circuits Suppress Sleep Homeostasis
The striking differences in recovery sleep following cholinergicand octopaminergic-driven waking suggest that sleep need can be separated from prior waking time and that specific neural circuits participate in sleep homeostasis. However, it is still possible that sleep need arises from waking in general but is actively suppressed by specialized arousal circuits [34, 35] . To test this hypothesis, we mechanically sleep deprived flies for 12 hr at night while simultaneously activating TrpA1 channels in either dopaminergic neurons (TH>TrpA1) or octopaminergic neurons (Tdc2>TrpA1). Control animals lacking TrpA1 were subjected to the same procedure (TH>+ or Tdc2>+). Using this ''shake and bake'' protocol, we found that apparent recovery sleep in TH>TrpA1 animals was not reduced compared to TH>+ controls (Figures 2A and 2C ). Thus, activation of dopaminergic neurons does not suppress sleep homeostasis. In contrast, recovery sleep was much lower in Tdc2>TrpA1 animals compared to Tdc2>+ controls, despite similar sleep deprivation in both groups ( Figures 2B and 2C ). These results support the hypothesis that arousal elicited through activation of octopaminergic neurons, but not dopaminergic neurons, suppresses subsequent sleep homeostasis.
If sleep homeostasis resulted from extended waking as a behavioral state, rather than from activation of specific wakepromoting neural circuits, then sleep deprivation should always elicit recovery sleep, providing the latter was not actively inhibited. However, the failure of wake-promoting dopaminergic neurons to inhibit subsequent recovery sleep suggests that sleep homeostasis does not result by default during waking. Instead, this finding suggests that sleep need may be driven by specific wake-promoting neural circuits. To search for these, we first performed an anatomical screen for populations of neurons that are capable of activating waking when animals would normally sleep. To accomplish this task, we performed two experiments. In the first, we determined the effects of a 6-hr heat pulse at the end of the night on 374 randomly selected Gal4 drivers derived from putative neuronal enhancers generated by Janelia Farm [36] in the absence of transgenic TrpA1. The sleep changes we observed for these Gal4>+ control animals during and after pulses allowed us to establish boundaries beyond which heat could not account for behavior of Gal4>TrpA1 animals in the next experiment. In this second experiment, we screened for Gal4>TrpA1 combinations whose sleep behavior during and after heat pulses fell outside the established control range. As we observed with Gal4>+ controls, many Gal4>TrpA1 groups exhibited a mild loss of sleep during the heat pulse and no recovery sleep afterward ( Figure 2D ). However, we found that 10% of Gal4>TrpA1 combinations exhibited sleep loss outside the control range, indicating that TrpA1 activation in these Gal4 lines promoted arousal. Within this group, 89% of Gal4>TrpA1 combinations failed to exhibit significant homeostatic recovery sleep despite significant sleep loss during thermogenetic deprivation ( Figure 2D , left of red line and below blue line). To confirm this phenotype, we repeated the experiment with four Gal4>TrpA1 lines along with their Gal4>+ controls. We observed 100-140 min of sleep loss due to the elevated temperature in Gal4>+ controls compared to a more substantial 250-350 min of sleep loss, presumably due to activation of arousal circuits, in Gal4>TrpA1 animals ( Figure 2E1 ). Despite these differences in magnitude and means of inducing sleep loss, we observed no subsequent increase in recovery sleep in Gal4>TrpA1 animals compared to their Gal4>+ counterparts ( Figures 2E2 and S3) . Thus, most wake-promoting neurons do not elicit sleep homeostasis under our experimental conditions, again indicating that sleep homeostasis can be dissociated from prior waking.
Select Groups of Cholinergic Neurons Promote Sleep Homeostasis
Only 11% of the Gal4>TrpA1 combinations from our screen that enabled robust sleep deprivation also exhibited significant subsequent recovery sleep ( Figure 2C , left of red line and above blue line). The relative infrequency of recovery sleep following sleep deprivation suggested that neurons labeled by select Gal4 drivers might have privileged roles in promoting sleep homeostasis. To address this question and to determine how functionally redundant such neurons might be, we first retested Gal4>TrpA1 combinations with strong phenotypes and found that one in particular, 24C10, triggered consistent sleep homeostasis ( Figures 3A and 3C ). We also tested a variety of Gal4 drivers derived from enhancer trap screens and previously described promoters, and we found another, ppk, that exhibited a similarly robust phenotype (Figures 3B and 3C ). This phenotype was true recovery sleep in both cases because it satisfied all the criteria established above for sleep homeostasis, including overshoot of baseline sleep, rapid decay, increased arousal threshold, rapid reversibility, and decreased sleep latency ( Figures 3A-3C and S4A-S4D). Because we previously established that activation of cholinergic neurons effectively elicits subsequent homeostatic recovery sleep ( Figures 1B-1H) , we asked whether 24C10-Gal4 and ppk-Gal4 function in those same cholinergic neurons to drive sleep homeostasis. To address this question, we crossed our two Gal4>TrpA1 combinations to animals bearing the Gal4 suppressor, Gal80, expressed in cholinergic neurons (chaGal80). We found that the 24C10 and ppk drivers could no longer deprive animals of sleep during a heat pulse or elicit subsequent recovery sleep ( Figure 3D ). Thus, 24C10 and ppk neurons that contribute to sleep homeostasis appear to be cholinergic.
We then asked whether 24C10 and ppk drivers express in a functionally unique or redundant subset of cholinergic neurons that are capable of triggering recovery sleep. To address this question, we combined cha>TrpA1, which normally elicits recovery sleep, with 24C10-Gal80 versus ppk-Gal80. 24C10-Gal80 had no effect, perhaps because it was too weak to fully suppress cha-Gal4 (data not shown). However, three or four copies of ppkGal80 significantly reduced recovery sleep in cha>TrpA1 animals ( Figures 3E and 3F) . These results suggest that a significant pro- portion of cholinergic neurons that contribute to sleep homeostasis are ppk neurons.
Intersecting Expression Patterns of Two Promoters Identify a Restricted Set of Neurons that Promote Sleep Homeostasis
The similar sleep behaviors of 24C10> TrpA1 and ppk>TrpA1 as well as the ability of cha-Gal80 to suppress these behaviors suggest that the two drivers may label overlapping populations of neurons involved in sleep homeostasis. To test this hypothesis, we cloned the 24C10 and ppk enhancer fragments and coupled them to the two halves of split Gal4 ( Figure 4A ) [37] . After pairing transgenic TrpA1 with the intersectional expression of 24C10 and ppk (split>TrpA1), we found that neurons in common with both drivers were sufficient to elicit sleep deprivation and subsequent recovery sleep ( Figures  4B and 4C) . We then asked whether the magnitude of the homeostatic response is sensitive to the duration with which split Gal4 neurons are activated. Indeed, recovery sleep increased up to 3.5 hr with up to 2 hr prior waking time elicited by heat pulsing of split>TrpA1 animals. The homeostatic mechanism appears to have saturated beyond this point ( Figure 4D ). Nonetheless, recovery sleep was 50% higher and sleep latency was 70% lower in split>TrpA1 animals following thermogenetic sleep deprivation compared to animals that had been mechanically sleep deprived even though the latter were kept awake for up to six times longer ( Figures 4D, 4E , S1B, S1C, and S1E). Thus, thermogenetic activation of select neuronal circuits appears to amplify the homeostatic response relative to traditional behavioral means of transducing arousal stimuli to the brain. We suggest that either thermogenetic manipulation is more efficient at activating behaviorally relevant neural circuits or that current methods of mechanical sleep deprivation have not been optimized for maximum behavioral responsiveness.
Next, we asked whether ppk, 24C10, and our split Gal4 drivers label neurons throughout the brain, as might be predicted by diffuse and independent homeostatic sensors of sleep need, or whether these drivers label a restricted set of neurons, as might be expected for neural circuitry dedicated to sleep homeostasis. To determine the expression patterns of our drivers, we coupled 24C10-Gal4, ppk-Gal4, and split-Gal4 to UAS-CD8::GFP (Gal4>GFP) and examined the nervous systems of dissected animals by confocal microscopy. We found that the 24C10 driver expressed broadly, whereas the ppk driver expressed in more-restricted regions of the brain and thoracic ganglion ( Figures 5A and 5B) . The region of anatomical overlap between these drivers was narrow, and as a result, split>GFP expression was quite limited. In this case, processes appeared to terminate in the gnathal ganglion in the brain and also in regions of the thoracic ganglion ( Figure 5C ). To confirm that these processes were indeed axonal and forming synapses with downstream neurons, we targeted a reporter to synaptic vesicles and visualized neuronal polarity by coupling UAS-Syt::smGFP::HA [38] to split Gal4. As expected, large puncta indicative of presynaptic terminals were observed in the gnathal and thoracic ganglia ( Figure 5D ). We thus suggest that these neurons represent inputs into motor control or modulatory circuits in the thoracic ganglion and central brain.
Split Gal4-Labeled Neurons Are Distinct from Neural Circuitry that Controls Baseline Sleep Next, we investigated the role of split Gal4-labeled neurons in regulating normal daily fluctuations in sleep. We reduced the activity of these neurons by expressing the potassium channel, Kir2.1, under the control of split Gal4. In these animals, hyperpolarization of labeled neurons led to sleep profiles and total daily levels of sleep that were indistinguishable from controls lacking expression of Kir.2.1 ( Figures S5A1 and S5B) . Activity of split Gal4-labeled neurons was clearly suppressed because thermogenetic stimulation of split>TrpA1 did not elicit sleep deprivation or recovery sleep in the presence of Kir2.1 ( Figures S5A2, S5C1 , and S5C2). Thus, although activity of split Gal4-labeled neurons is sufficient for waking, it is not required for normal daily sleep. These findings reinforce the notion that neural circuitry that engages sleep homeostasis is distinct from brain circuitry that controls normal daily fluctuations in the sleep/wake cycle. Collectively, our data indicate that split Gal4-labeled neurons are conditional drivers of waking with privileged roles as upstream activators of sleep homeostasis.
Sleep Homeostasis Is Important for Short-Term Memory
The commonality of sleep throughout the animal kingdom and the performance deficits that often result from sleep loss have led to the widespread view that sleep is required for optimal brain function [39] . As in mammals, sleep in flies facilitates learning and memory and even shares underlying neural circuitry with these processes [40] [41] [42] [43] [44] . Therefore, we asked whether suppression of sleep by functionally distinct circuits has correspondingly distinct consequences on learning and memory. To address this question, we utilized an aversive-taste memory assay where flies learn to suppress their proboscis extension reflex (PER) in response to the simultaneous pairing of appetitive fructose to the tarsi and noxious quinine at their proboscis [45] (Figure 6A ). This assay provides robust induction of short-term memory while simultaneously allowing for measurement of behavior in individual flies. Importantly, the formation of aversive taste memory is dependent upon the mushroom bodies and dopamine neurons, two neuronal populations associated with sleep [46, 47] .
We first determined whether thermogenetic sleep deprivation impairs aversive taste memory. split>TrpA1, Tdc2>TrpA1 flies, and associated controls were trained and tested immediately following a 4-hr heat pulse at the end of the night ( Figure 6B ). This protocol impaired short-term memory formation in both split>TrpA1 and Tdc2>TrpA1 flies compared to non-sleepdeprived controls harboring Gal4 or UAS-TrpA1 alone ( Figure 6B ). This effect was not due to reduced PER because the responses of split>TrpA1 and Tdc2>TrpA1 flies to fructose were comparable to controls immediately following the heat pulse ( Figure 6D ). Thus, sleep deprivation reduced aversive taste memory.
To examine the effect of sleep homeostasis on memory, we heat pulsed animals over the same 4-hr period, but this time we allowed them to recover for 3 hr at room temperature prior to training and testing. Under these conditions, we found that memory was comparably high in split>TrpA1 flies and heatpulsed controls, but not in Tdc2>TrpA1 animals ( Figure 6C ), suggesting that the recovery period allows for the formation of short-term memories previously impaired by sleep deprivation. Importantly, under both training protocols, neuronal activity was not manipulated during the memory assay. Therefore, loss of memory was due to prior activation of arousal-promoting neurons resulting in sleep loss, rather than an acute effect of those neurons on memory formation. Because significant recovery sleep occurred in split>TrpA1, but not in Tdc2>TrpA1, flies over this period ( Figures 1D, 1F , 4B, and 4C), our results strongly suggest that neural circuits that control sleep homeostasis are important for memory.
DISCUSSION
One of the most surprising findings from these studies is that homeostatic recovery sleep can be suppressed by activation of select wake-promoting neural circuits. This observation seems counterintuitive considering the evolutionary conservation of sleep, which has historically been interpreted to mean that sleep confers important survival advantages that make it indispensable [48] . However, temporary suppression of sleep need could actually be advantageous by enhancing survival in dire conditions in which sleepiness could be acutely fatal, such as starvation or predation [49] . Such a short-term benefit could in theory outweigh any long-term cost associated with sleep loss. A related rationale has been put forward to explain why newborn cetaceans and their mothers temporarily suppress sleep [50] , as well as why cetaceans, pinnipeds, and certain birds sometimes exhibit only unihemispheric sleep [51] [52] [53] .
In fact, our findings demonstrate that prolonged activation of different arousal-promoting neurons in the brain and the associated waking state only rarely trigger a homeostatic response. This observation is difficult to reconcile with the tenet that waking as a behavioral state drives subsequent sleep need [26] . This tenet is based on a relationship that has been observed for many years. However, this relationship is correlative rather than causative in that waking is associated with activation of many arousal systems simultaneously. As such, the contribution of waking to sleep need historically has not been distinguished from the potentially varied contributions of the underlying arousal systems that cause waking. In contrast, by activating individual neurotransmitter systems that are each capable of inducing waking, we have shown that cholinergic neurons seem to contribute disproportionately to homeostatic compensation for increased sleep need. Differences in arousal have also been noted in rodents that were sleep deprived for similar durations but by different methods. For example, sleep deprivation by gentle handling is more effective than sleep deprivation by continual cage change at reducing subsequent sleep latency in mice [54] . Thus, the nature of the neural circuitry involved in prior waking may determine subsequent arousal states in both flies and mammals.
Our work also supports the hypothesis that select neural circuits sense sleep need. Our finding that a subset of wakepromoting neurons has a privileged role in stimulating homeostatic recovery sleep suggests that specific neural circuit(s) with cholinergic inputs may serve as a surrogate sensor of global sleep need that provides significant advantages for memory formation. Although sleep homeostasis could still arise from waking per se in the absence of activated circuits that inhibit sleep need, the failure of dopaminergic wake-promoting neurons to elicit or inhibit full-blown recovery sleep suggests that sleep homeostasis requires waking to be driven by particular neural circuits. In future experiments, it will be interesting to determine under what conditions, and when during the sleep/wake cycle, different types of arousal circuits are activated. It will also be interesting to determine whether the neurons we identified as drivers of sleep homeostasis are functionally unique. We suspect that they are uncommon because our unbiased anatomical screen revealed very few candidates that contribute to this process and exclusion of TrpA1 from the relatively sparse ppk neurons reduced recovery sleep following thermogenetic activation of cholinergic neurons.
Taking those caveats into account, the most parsimonious interpretation of our results is that neural circuits that promote sleep homeostasis are a subset of neurons that control baseline sleep, as reflected in the following model. We suggest that multiple classes of functionally distinct wake-promoting neurons exist, including a privileged cholinergic group that triggers subsequent sleep homeostasis, an octopaminergic group that inhibits it, and a dopaminergic group with more complex effects that do not fulfill all the criteria for sleep homeostasis. Because activation of privileged wake-promoting cholinergic neurons leads to subsequent recovery sleep, we also infer that sleep-promoting output(s) of the homeostat must also exist. We therefore propose that privileged wake-promoting neurons drive accrual of homeostatic pressure to sleep over time. When this pressure exceeds other arousal signals sufficiently, homeostatic discharge occurs, resulting in recovery sleep ( Figure S6 ). Thus, our data are consistent with the twoprocess model for sleep regulation originally proposed for mammals in which the circadian clock primarily regulates timing of sleep and homeostatic pressure regulates sleep need [55, 56] .
Our model does not rule out the possible existence of additional classes of wake-promoting neurons, such as those that might respond to different environmental conditions or behavioral states. However, our model is sufficient to explain the function of split Gal4-labeled neurons, which appear to represent unusual inputs into a homeostatic circuit regulating sleep need and memory. Interestingly, a recent study has established that activity of sleep-promoting dorsal fan-shaped bodies is upregulated following sleep deprivation [57] . It is possible that these structures represent outputs of the sleep homeostat in our model. Thus, our model provides a context with which to interpret effects of perturbing sleep homeostasis, especially as they relate to cognition. Our thermogenetic approach to studying sleep homeostasis also provides a means to uncover previously unknown mechanisms that govern sleep need.
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